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Abstract
We investigate the bursts of electromagnetic and scalar radiation resulting from the collision, and
merger of oscillons made from axion-like particles using 3+1 dimensional lattice simulations of the
coupled axion-gauge field system. The radiation into photons is suppressed before the merger. How-
ever, it becomes the dominant source of energy loss after the merger if a resonance condition is
satisfied. Conversely, the radiation in scalar waves is dominant during initial merger phase but sup-
pressed after the merger. The backreaction of scalar and electromagnetic radiation is included in our
simulations. We evolve the system long enough to see that the resonant photon production extracts
a significant fraction of the initial axion energy, and again falls out of the resonance condition. We
provide a parametric understanding of the time, and energy scales involved in the process and discuss
observational prospects of detecting the electromagnetic signal.
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1
1 Introduction
Axions and axion-like particles are well motivated candidates for dark matter [1–7]. Like other dark
matter candidates, their non-gravitational interactions with the Standard Model (SM) have never
been detected [8, 9]. Axions naturally couple to photons via the gaγφFµν F˜
µν interaction where φ is
the axion field, Fµν is the electromagnetic field strength tensor, and F˜µν is its dual. Strong constraints
exist on gaγ from astrophysical observations and terrestrial experiments [10]. However, under certain
circumstances, even a very feeble interaction with photons can give rise to dramatic effects. Explosive
production of photons due to parametric resonance from coherently oscillating axion fields is one such
scenario.
Gravitational clustering, and attractive self-interactions can cause axion-like fields to form coher-
ently oscillating, spatially localized, metastable, solitonic configurations (for early work, see [11, 12],
and also see, for example, [13–15]). If gravitational interactions are ignored, such configurations are
called oscillons, and have a long history (see, for example, [16–21]). If gravity and self-interactions
are relevant, and we focus on cosine potentials, these configurations are called “axion stars”, which
can be dilute or dense (see, for example, [22, 23]). In dilute axion stars, self-interaction can typically
be ignored compared to gravity, whereas in dense stars, self-interactions play a dominant role in the
dynamics of the axion star. In this work, we will focus on oscillons in axion-like fields as a source for
resonantly producing photons. We will consider a broader class of potentials that flatten away from
the minimum instead of considering the periodic cosine potential.
Resonant phenomena converting axions to photons depend on the amplitude and coherence
length of the oscillating axion field. Since, the field amplitude in the centre of oscillons can be large,
and does not redshift with the expansion of the universe, oscillons can provide a natural source for
resonant particle production under certain conditions. The presence of such configurations in the
early or present day universe creates a possibility of particle production from localized regions of
space – quite distinct from resonance from a homogeneous oscillating field. However, there has to
be a trigger to start off this production because if the condition for resonance is always satisfied,
then these oscillons would have already decayed away. A possible trigger is a collision and merger of
oscillons. We study such head-on collisions, mergers, and associated resonant photon production in
this paper using full 3 + 1 dimensional lattice simulations of the axion-photon system (see Fig. 1).
The recent results in [24, 25] motivated us to pursue our present work, along with related earlier
work [26, 27].3 In these works, a QCD axion was the prime focus, and they were mainly concerned
with the dilute branch of axion stars or more broadly, just a localized gravitationally bound clump
of axions. In this regime, the authors in [24] in particular, provides a condition for resonance to
be effective for a single axion star. In [28], the authors then numerically investigated the collision
of non-relativistic (dilute) axion stars to understand the merger process, albeit without coupling to
photons for the simulations. They showed that two axion stars which do not satisfy the resonance
condition before merger, can do so after the merger. The authors in [25] also carried out elegant
analytical and numerical work for resonant photon production, but without full collision dynamics or
including backreaction in the simulations.
In the current work, we focus on a more general class of axion potentials, specifically, non-periodic
potentials that flatten as we move away from the minimum. Such potentials are well-motivated
theoretically [29–31], and have been pursued as modeling inflation and its end [13, 32], dark matter
[33–35] and dark energy [33, 36]. Unlike the usual cosine potential, or quadratic potentials with or
without quartic interactions, our flattened potentials support very long-lived oscillon configurations
even without gravitational interactions. Depending on the shape of the potential, isolated oscillons
can last for & 109 oscillations (see, for example, [21]).
In contrast to earlier work, we use 3+1 dimensional lattice simulations to solve the axion-photon
system (using link-variables[37]). We do not resort to any non-relativistic4 approximations for the
axion field either, and include the effects of strong self-interactions. For some parameter regimes,
3MA also acknowledges a short collaboration with D. Grin and M. Hertzberg almost 11 years ago (unpublished
work) regarding resonant photon axion conversion in localized axion clumps.
4In the special-relativistic sense.
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Figure 1: A schematic picture of resonant electromagnetic field production triggered by the merger
of spatially localized, coherent field configurations in axion-like fields (oscillons).
we are able to simulate the entire process from pre-collision, to the shutting down of resonance due
to backreaction of the gauge fields. Starting with pre-collision oscillons that do not yield resonant
photon production, we track the axion and photon fields through the collision, and finally through
the phase of resonant gauge field production which eventually self-regulates the oscillon and makes it
fall out of the resonance condition. We keep tract of both scalar and gauge field radiation throughout
the process.
Our work has some important limitations, partly because we have not included gravitational
interactions in the simulations – they are discussed in Section 7. Recognizing these limitations,
we proceed to investigate the full nonlinear dynamics of the merger of oscillons, photon production
and backreaction. We will provide a parametric understanding of the process, and hope that the
lessons learnt here can be applied much more broadly. In future work we plan to include gravitational
interactions, both in the dilute axion-star regime, as well as the strong-field gravity limit in our
simulations. We also note that while we continue referring to the gauge fields as the electromagnetic
field/photon-field, our work can also applied to any gauge fields (for example, dark photons [38]) and
can also be applied to study similar phenomenon in the early universe, for example at the end of
inflation or during some other phase transition [13, 15, 39–42].
The rest of the paper is organized as follows. In Sec. 2, we provide the continuum as well as
discretized versions of action for the axion-photon system. In Sec. 3, we provide a brief overview of
oscillons in these theories, as well as the conditions and time-scales related to the resonant production
of photons from oscillons. In Sec. 4 we discuss the collision and merger of oscillons. In Sec. 5 we focus
on the resonant production of photons from the post-merger oscillon, as well as the backreaction
of this photon production on oscillons. We briefly review possible phenomenological/observational
implications of resonant photon production in Sec. 6. We discuss the main limitations of our work,
and some related future directions in Sec. 7. We end in Sec. 8 with a summary of our results. In
two appendices, we provide further details of our numerical simulations, including details of initial
conditions, discretization and evolution schemes, and a wider exploration of the parameter space.
2 The Theoretical Setup and Numerical Algorithm
In this section we provide the underlying action and equations of motion for our system of interest, as
well as the basics of the discretization and time evolution algorithm to numerically evolve the system.
The reader who is not interested in numerical details can skip Section 2.2 entirely. More details of
our explicit model for the axion field potential, and analytic considerations are provided in Section 3.
Some more technical aspects of the numerical algorithm, and the setting up of initial conditions on
the lattice, are relegated to the appendix.
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2.1 Action and Equations of Motion
Our system consists of a pseudo-scalar field φ coupled to the electromagnetic field. The action for our
system is given by
S =
∫
d4x
[
−1
2
∂µφ∂
µφ− V (φ)− 1
4
FµνF
µν − gaγ
4
φFµν F˜
µν
]
, (2.1)
where we adopt −+ ++ signature of the metric. The electromagnetic field-strength tensor is Fµν =
∂µAν − ∂νAµ, and F˜µν is the dual field strength tensor. The equations of motion for the axion and
the gauge fields are given by
∂µ∂
µφ− ∂φV = gaγ
4
Fµν F˜
µν ,
∂µF
µν = −gaγ∂µφF˜µν .
(2.2)
In terms of the electric and magnetic fields Ei = Fi0 and Bi = (1/2)ijkFjk, we can write the above
equations as
∂µ∂
µφ− ∂φV = −gaγE ·B ,
∂0 (E+ gaγφB)−∇× (B− gaγφE) = 0, ∇ · (E+ gaγφB) = 0 .
(2.3)
2.2 Numerical Algorithm
We discretize the action (2.1) on a space-time lattice as follows [37]:
S =
∑
x
[
1
2
(
φ(x+ dt)− φ(x)
dt
)2
−
∑
i
1
2
(
φ(x+ dxi)− φ(x)
dxi
)2
− V (φ) +
∑
i
2
(dtdxi)2
(2− U0i − Ui0)−
∑
ij
1
(dxidxj)2
(2− Uij − Uji)
]
+ S1, (2.4)
where S1 is the interaction part of the action that we will specify shortly. The Uµν is the lattice
“plaquette”, defined as a product of “gauge links” Uµ:
Uµν(x) = Uµ(x)Uν(x+ dxµ)U
†
µ(x+ dxν)U
†
ν (x) . (2.5)
By assuming Uµ(x) = exp
(
i
2dxµAµ(x)
)
, we can recover the continuum action in the limit dxµ → 0
(no Einstein summation). Note that Uµν = exp(
i
2dxµdxνFµν + corrections).
The challenging aspect is to appropriately discretize the interaction part of the action:
S1 = 8pi
2gaγ
∫
d4xφ
(
− 1
64pi2
)
µνρσFµνFρσ. (2.6)
Note that (without the φ), the above term is the Chern-Simons number. It is known that a naive
use of the plaquettes here yields results close to the continuum expectation at leading order, but can
produce large additional contributions at the next order in the dxµs. An improved discretization of
this term (as implemented by [43–46]) is as follows:(
− 1
64pi2
)
µνρσFµνFρσ =
(
− 1
2pi2d4x
)
(I01I23 + I02I31 + I03I12) , (2.7)
with
Iµν(x) =
1
4
Im [Uµν(x) + Uµν(x− dxµ) + Uµν(x− dxµ − dxν) + Uµν(x− dxν)] . (2.8)
This choice of discretization leads to significant suppression of corrections beyond leading order in
dxµs. We refer the reader to [43, 45] for more details.
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The discretized versions of the equations of motion for φ and Ui can then be derived from the
derivation of the action with respect to the fields in a straightforward manner. These equations are
provided explicitly in Appendix A. We note that the presence of Chern-Simons term makes it difficult
to solve the equations of motion on the lattice because the evolution equations become implicit. These
equations follow a general pattern
X = β + αF (X), (2.9)
where X stands for φ˙ and Ei, and β and α are constant. Here, F depends on X in a complicated
way. Instead of solving these equations algebraically, it is easier to solve the recurrence equation:
Xn+1 = β + αF (Xn), (2.10)
of which X is a fixed point. So the question of solving X in (2.9) becomes that of how to reach the
fixed point X in (2.10). As long as the parameter α, which is proportional to dt and gaγ , is tiny, the
fixed point is an attractive one, and we can reach X, starting from β, within a few iterations. More
details on the lattice setup, including initial conditions can be found in Appendix A.
Use of gauge links automatically leads to the preservation of gauge invariance in the discrete
theory, and constraint equations (Gauss’s law) are naturally respected by the evolution. These features
are lost in other discretization and (explicit) evolution schemes, however they can still be used as long
as constraint equations are satisfied to the required precision. For an explicit (as opposed to implicit)
approach to solving the axion-gauge field system, see for example [47–49]. For an explicit, symplectic,
link-variable based approach for a charged scalar+gauge field system in a self-consistently expanding
universe, see [50].
3 Analytic Considerations
3.1 Model for the Axion-like Field
For the scalar field potential, V (φ), we will assume that
V (φ) = m2M2 U(φ/M) where U(x 1) = (1/2)x2 + . . . and U(x 1) ∝ xα<2. (3.1)
Such potentials provide sufficient attractive self-interaction to support oscillons (discussed below). As
a concrete example, we will consider a potential of the form
V (φ) =
m2M2
2
tanh2
(
φ
M
)
. (3.2)
Note that M plays the role of fa for the QCD axion. The mass of the axion is m, and the potential
flattens at φ &M (see the left panel of Fig. 2).
3.2 Oscillon Solutions
In absence of couplings to other fields (gaγ → 0), the potential that we choose supports long-lived,
spatially localized field configurations of the form
φω(t, r) = Φω(r) cosωt+ . . . (3.3)
where . . . indicate, small higher order terms in harmonics of ω as well as an exponentially suppressed
radiating tail. The solution is determined by specifying one parameter, ω, which also determines the
amplitude at the center Φω(0). For long-lived oscillon solutions, ω . m and Φω(0) ∼M (see the right
panel of Fig. 2).
For the hyperbolic tangent potential, there is a special frequency ω? ≈ 0.82m, where the dominant
decay channel for the oscillon vanishes, leading to exceptionally long-lived oscillons [21]. Oscillons with
lower frequencies (larger amplitudes) typically migrate towards this special configuration by radiating
scalar waves, and tend to spend a significant fraction of their lifetime in this configuration. With
5
For ease of reference, we write down the decay rates for N = 3 and 5 explicitly below:
 (3) =  3 =  
1
8⇡Eosc
[S˜(3)]2(3!)3 ,
 (5) =  3 +  5 =  
1
8⇡Eosc
[S˜(3)]2(3!)3   1
8⇡Eosc
[S˜(5)]2(5!)5 .
(7.4)
where S˜ is the spatial Fourier Transform of Sj . Note that even if S˜(3) vanishes for some !, then
 (3) also vanishes. However, for the same !, we will typically have  (5) =  5 6= 0.
Numerics: For the numerical results, we carry time evolve the nonlinear Klein-Gordon equation
(2.3) (assuming spherical symmetry), and calculate the decay rate as a function of time. This
time dependence of the decay rate is translated to an ! dependence since the system evolves the
solution adiabatically, and contiuously through di↵erent oscillon configurations (characterized by
an adiabatically changing !(t)). We typically start the calculation with field configurations cor-
responding to ! that are smaller than the ones shown in the upcoming plots. Regardless of the
starting points, we always end up on the same   ! trajectory numerically. This is a consequence
of oscillons being attractors in the space of solutions, and the fact that there is a unique oscillon
profile for each !.
7.1 The Hyperbolic Tangent Potential
A our first example, we consider a ↵-attractor T-model from conformal chaotic inflation [41], i.e.
V ( ) =
m2M2
2
tanh2
 
M
. (7.5)
The numerical and analytical results for the field amplitude, energy and decay rate as a function
of ! are presented in Fig. 2.
Amplitude and Energy: In the left panel of Fig. 2, we show the central amplitude and total
energy of the oscillon configurations as a function of !. Note that the amplitudes  (r = 0)/M ⇠
O[1]. The upper-limit of the frequency corresponds to !crit, above which the oscillons are un-
stable against long-wavelength perturbations. The black dots indicate the numerically obtained
energies and amplitudes as the configurations evolve from low to high !. The agreement between
the colored lines (analytic) and the black dots (numerical) indicates that our single frequency
ansatz works reasonably well in the range displayed – conservatively, it is consisted with the
numerical solutions at a few % level.
Decay Rate: In the right panel of Fig. 2, we show the numerically calculated decay rate (black
dots) as the oscillon evolves with time (from low to high !) until its eventual demise at ! = !crit
at the right edge of the panel. Notice the significant “dip” in decay rate around !? ⇡ 0.82m.
The solid red line shows that most of the lifetime of the oscillons is spent in the dip. We compare
these numerically obtained results with the analytic expectation of our calculations.
Note that  (3) (orange curve), where radiation modes with frequency 3! were included, beau-
tifully captures the location of the dip in   as a function of !. In particular, S˜3(3) = 0 at
13
 
M
-4 -2 0 2 4
0.1
0.2
0.3
0.4
0.5
0.6
V ( )
m2M2
1
2
m2 2
 (t,x) ⇡  !(x) cos(!t)
x
⇠ 10m 1
&M
Eosc ⇠ O[102]M
2
m
! . m
Figure 2: A flattened scalar field potential (left) which supports long-lived, spatially localized field
configurations called oscillons (right).
these consideratio s, we chos osc llo s w th ω? ≈ 0.82m for the pre-collision initial configurations of
our axion fields before the mergers. For such oscillons
Φω(r = 0) = 2.4M , R1/e ≈ 3m−1 , Eosc ≈ 130M
2
m
, (3.4)
where R1/e is the radius defined by Φω(R1/e) = e
−1Φω(0), and Eosc is the total energy of the oscillon.
Note that for a self-consistent treatment of oscillons with classical field theory, we want Eosc  m,
that is, M2/m2  1.
Oscillons tend to be attractors in the space of solutions. The formation of such oscillons from
cosmological initial conditions in the early universe has been explored in detail before [13, 32, 51–
54]. An almost homogeneous, oscillating condensate naturally fragments into oscillons. Late-time
structure formation [55], or even nucleation near black-holes [56] could be a way of generating such
configurations. The detailed investigation of formation, and merger rates is not undertaken in this
paper. For this paper, we will take the existence of a pair of such objects as being given.
3.3 Resonance Condition
In this section we discuss the conditions necessary for resonant production of photons from individual
oscillons which are spatially localized. As a warm-up, we first discuss resonance from a spatially
homogeneous configuration. Parametric resonance from homogeneous oscillating condensates is well
understood both in an expanding and non-expanding universe (see [57] for a review). A homogeneous
oscillating background of the axion field (oscillating with a frequency ω . m) leads to a resonant
transfer of energy from the axion to photons via parametric resonance. Explicitly, the equations of
motion satisfied by the Fourier components of the gauge field (in Coulomb gauge) are
A¨ik(t) +
[
k2 + gaγk
˙¯φ(t)
]
Aik(t) = 0 , (3.5)
where ˙¯φ = −ωφ¯0 sinωt provides a periodic, time-dependent frequency. Then, from standard Floquet
analysis, we expect the gauge field modes to have solutions of the form
Aik(t) ∝ eµkt , (3.6)
where the Floquet exponent, µk, is a complex number which depends on the wavenumber k. For
the case at hand, <[µk] 6= 0, for a range of wavenumbers (see Fig. 3, left panel). We have assumed
Mgaγ = 1 for the purpose of illustration. Notice that this is quite different from the almost single
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Mga k/m
<[µk]/m
µe↵
m
 ¯0
M
!
=
0.
76
m
!
=
0.
82
m
Figure 3: Left: The real part of the Floquet exponent of the gauge field in a homogeneous, oscillating
axion field background. The vertical axis is the axion field amplitude and horizontal is gauge field
wavenumber. The lighter regions are the unstable bands where the gauge field grows exponentially.
We have assumed Mgaγ = 1 for the homogeneous plot. Right: The effective maximum Floquet
exponent for gauge fields in spatially localized, oscillon backgrounds as a function of Mgaγ . The
luminosity in photons grows as Lγ ∝ e2µeff t. Note that ω = 0.82m and 0.76m correspond to two
different oscillons (pre- and post merger configurations respectively). For each oscillon configuration,
there is a critical value (Mgaγ)crit below which there is no parametric resonance into photons. For
Mgaγ ≈ 1.16, the initial oscillons (ω = 0.82m) show no resonance, but post merger (ω ≈ 0.76m),
there is resonant photon production with a Floquet exponent denoted by the star. Resonance is broad
with kres ∼ ∆kres ∼ O[1]× ω, with some features seen at multiples of ω.
band structure obtained in [24]. This is related to our use of the hyperbolic tangent potential and
Mgaγ ∼ 1.
Now if the axion field is spatially localized within a radius R (like our oscillon), the resonance
transfer of energy is still possible, as long as
µeffk ≈ <[µk]−
1
2R
> 0 . (3.7)
Heuristically, the size R appears here because the growth of resonant modes is curtailed as they leave
the region where the field amplitude is non-zero [24, 58]. For our initial oscillon with ω = ω? ≈ 0.82m,
the amplitude at its center is ≈ 2.4M , and its width R1/e ≈ 3m−1. Using these numbers, we find
µeffk < 0. That is, there is no parametric resonance into photons for our fiducial oscillons according the
above heuristic condition. We re-iterate that this is due to the finite size of the oscillon; a homogeneous
condensate at this amplitude would transfer energy resonantly to photons.
A more careful analysis allows for spatial variation of the amplitude of φ within the oscillon,
which in turn leads to coupling of Fourier modes. While this analysis can be done within some
approximations [24], we do not pursue it here. Instead, in Fig. 3 (right), we show the numerically
obtained µeff as a function of Mgaγ for our oscillon with ω = ω?. This is obtained directly from
the numerical simulation of an isolated 3 + 1 dimensional oscillon coupled to photons. We take half
the value of the exponent in the exponentially growing luminosity as µeff (Lγ ∝ e2µeff t). We find
that µeff is (to a very good approximation), a linear function Mgaγ for Mgaγ > (Mgaγ)crit ≈ 1.24.
That is, we have exponential growth in gauge fields for any value of Mgaγ > 1.24, whereas below
this value no exponential growth is seen. We note that while exponential growth in gauge fields is
shut-off below (Mgaγ)crit, there might still be polynomial growth which causes a very slow decay of
the oscillon especially near (Mgaγ)crit. Finally, we remind the reader that (Mgaγ)crit will depend on
7
the oscillon profile. For comparison, in Fig. 3(right), we also show µeff for a different oscillon profile
with ω ≈ 0.76m. This oscillon has a larger amplitude and radius compared to the configuration with
ω ≈ 0.82m.
3.4 Time Scale of Resonance and Backreaction
If the oscillon configuration satisfies the resonance condition, then the energy in gauge fields increase
with time Eγ(t) ∝ e2µeff t. The factor of two in the exponent is present because energy will be
proportional to square of the gauge field. Then the time needed for the energy in gauge fields to
become comparable to the oscillon is
mtbr ∼ m
2µeff
ln
(
Eosc(t = 0)
Eγ(t = 0)
)
∼ m
2µeff
ln
(
ρosc(t = 0)
ργ(t = 0)
)
∼ m
µeff
ln
(
M
m
)
. (3.8)
In the second equality, we have limited ourselves to the core of the oscillon which is sensible since this
is the region of production of the gauge fields. In the third line we used ρosc ∼ m2M2 and ργ ∼ m4.
Note that this would be the expectation from vacuum fluctuations, if we introduce a momentum
cutoff at ∼ m. Since these modes will become classical from resonance, it makes sense to include
them in the initial energy density inside the confines of the oscillon. We can also use the energy
density of photons from the CMB or starlight here depending on which one dominates at the mass
and frequency of interest.5 The above estimate assumes that the oscillon does not lose enough energy
either via scalar fields, or gauge fields to fall out of the resonance condition before tbr and that µeff
remains constant. As we will see in later sections, oscillons fall out of resonance due to backreaction
from gauge field emission before all of the oscillon energy is extracted by gauge fields. However, our
estimate still serves as a useful guide for the time-scale involved.
4 Collision and Merger of Oscillons
We begin with two oscillons separated by some distance larger than their radii, moving towards each
other with a small relative velocity v  c. For this section, we will ignore the coupling to gauge fields,
and re-instate it in the next section. The two oscillons are assumed to be in phase, each oscillating
with a frequency ω1,2 = ω?.
What is the end result of this collision? At least in the absence of gauge fields, we expect the
oscillons to merge [15, 56] with each other, and form a new oscillon. A non-negligible fraction of the
total energy of the oscillons is lost to scalar radiation. We find that
E(f)osc ≈ 0.7(E(1)osc + E(2)osc) (4.1)
That is, about 30% of the initial energy of the field configuration (of two oscillons) is lost to scalar waves
during the merger. For the post-merger oscillon, E
(f)
osc > E
(1,2)
osc . For the model under consideration,
this implies that the amplitude of the final oscillon will be larger than each initial oscillon, and its
oscillation frequency ωf < ω? (see left panel of Fig. 4 of [21]).
This is indeed seen from our direct simulations of the collision and merger. For an initial sepa-
ration between oscillon centers of 15m−1 and v/c = 10−2, we find that
ωf ≈ 0.76m for ω1,2 ≈ 0.82m,
E(f)osc ≈ 180
M2
m
, with E1,2osc ≈ 130
M2
m
.
(4.2)
5Note that
ρcmbγ (t = 0) =
ω4
pi2
1
eω/Tcmb − 1 ,
ρslγ (t = 0) ≈
ω4
pi2
1
eω/Tsl − 1Wdl .
(3.9)
Note that Tcmb = 2.3 × 10−5 eV today, and Tsl ∼ 0.43 eV for the dominant source for starlight in our galaxy today.
The dilution factor for starlight, Wdil ∼ 10−13 related to the distance between stars in our galaxy.
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Figure 4: (Left) Energy density along the x-direction as a function of time (the simulations are 3+1
dimensional). The process of merger of two oscillons into a single oscillon, as well as emission of
scalar radiation can be seen. Note that the merged oscillon is not quite in its ground state, it initially
has a quadrupolar oscillating density pattern. The outgoing scalar waves are relativistic. The scalar
radiation is almost ∼ 30% of the initial total energy of the system, with the merged oscillon taking
up the other ∼ 70%. (Right) The energy density profiles at different times for an oscillons, one before
the merger, and one for post-merger. Solid lines are theoretical expectations, dots are extracted from
our simulations (with time averaging).
In Fig. 4 (left panel), we show the energy density of axion field along the x direction (which is the
axis of collision), before and after the merger. The right panel shows the radial profile of oscillons
before and after the merger, clearly indicating that the post-merger configuration is described well by
an oscillon with ω ≈ 0.76m. Note that the amplitude and width of the merged oscillon is larger than
the progenitors.
In reality this merger is dynamically richer. The oscillons can collide, separate a bit, and re-
collide multiple times before finally settling down into a stable oscillon configuration. Moreover the
merged oscillon is in an excited state initially, with a quadrupole density pattern which oscillates in
time. The merger process includes emission of significant amounts of scalar radiation. We find that
the amplitude of the merged oscillon decreases slowly. We also find that the oscillation frequency
increases correspondingly so that the merged oscillon can be well described by adiabatically evolving
oscillons after initial transients have subsided (and with some time averaging). Furthermore, the
relative initial velocities will also impact the detailed merger process, with higher initial velocities
leading to longer merger time-scales. For the case of head-on, in-phase collisions, relative velocities
of up to 0.1c led to mergers.
We note that the fact the oscillons were in-phase, and identical is relevant for the end result being
a relatively simple merger with negligible post-merger, center-of-mass velocity. If the initial oscillons
are identical, but precisely out of phase by pi, then they would “bounce-off” each other. Small relative
phase differences still lead to mergers, but lead to a small velocity for the final configuration [56]. We
do not pursue different relative-phase, velocity possibilities in detail here, but focus on the in-phase
merger case here because we expect it to be qualitatively similar to a broad swath of cases where the
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relative velocities are small, and the initial phase difference is not very close to pi [15, 56, 59]. If the
initial relative velocities are ultra-relativistic, the oscillons would pass through each other [60]. For
completely in-phase/completely out-of-phase collisions in the strong field gravity regime, but without
self-interactions, see [61, 62].
5 Resonant Electromagnetic Wave Production Post-Merger
In this section, we explore the production of electromagnetic radiation from the collision and merger
of two oscillons. Recall that we have set up two oscillons moving towards each other with v/c  1.
They are expected to be quiescent before merging, but produce a burst of electromagnetic radiation
after merger. The merger and final nonlinear end stage of the coupled axion-photon system is hard
to describe in detail from linear analysis, making detailed numerical simulations essential.
Before presenting and discussing the results of our simulations, we first provide some justification
for our choice of two important parameters of the system.
5.1 Choice of Mgaγ and M/m
In the previous section we noted that the end state of the collision is another oscillon. We can then
ask whether the resonance condition for gauge field production is now satisfied by the final oscillon.
Recall that for the progenitors with ω1,2 = ω? ≈ 0.82m, we had (Mgaγ)crit ≈ 1.24. For the final
oscillon, we found that ωf ≈ 0.76m, and correspondingly (Mgaγ)crit ≈ 1.06 (see Fig. 3, right panel).
Hence, for any 1.06 < (Mgaγ) < 1.24, we have a situation where there is no resonant production
before merger, but there is resonant gauge field production post-merger. With this in mind, for
concreteness, we take (Mgaγ) ≈ 1.16. We note that gaγ ≈ 1/M is larger than the expectation from
QCD axions, where gaγ ∼ 10−2M−1. However, recent theoretical work, such as [63, 64] allows for
gaγM ∼ 1 in more general scenarios beyond the simplest QCD axion models, using for example the
clockwork mechanism [65–69]. For a survey of different mechanisms for getting a large Mgaγ , see for
example [70] and references therein.
Another parameter we need to choose is the ratio of M/m. As noted in Section 3.2, M/m 1 is
necessary for us to trust our classical simulations of oscillons. As we will see in Section 6, M/m 1
is also necessary from phenomenological considerations. For example, for typical QCD axions, we
can have M/m ∼ 1025. However, from numerical considerations, such as the time scale required for
the resonant production to extract significant fraction of the energy density from the oscillon (see
eq. (3.8)), we cannot make M/m so large. We will work with M/m = 104 (but have also done
simulations with M/m = 106 and M/m = 108). We argue below, that our results will be qualitatively
similar to the cases when M/m is much larger.
5.2 Resonant Photon Production and its Backreaction
The result of the oscillon collision and merger can be seen in Fig. 5. The upper panel shows the
energy density in the axion field, whereas the lower panel shows the energy density in the gauge field.
As is evident from the panels, there is negligible photon production before the merger, but significant
production after. In this simulation, the oscillons collide at t ≈ 120m−1.
For a more quantitative picture, in Fig. 6 (left panel), we show the luminosity (in photons). Notice
that the luminosity only starts growing exponentially after the collision/merger. The exponential
growth is well characterized by Lγ ∝ e2µeff t with µeff ≈ 0.076m. This value of µeff is consistent with
what is expected if the oscillon configuration after merger corresponds to ω ≈ 0.76m (see Fig. 4).
Note that after t ≈ 300m−1, the exponential growth in luminosity stops. At this point oscillon
configuration has radiated away ∼ 20% of its initial energy density. Note that at this point, the
oscillon configuration still exists, but has lost enough energy to gauge fields so that the resonance
condition is no-longer satisfied. We expect the oscillon to eventually lose enough energy to return
back to the ω ≈ ω? configuration and again spends a long time there, until another collision starts
the process all over again.
The simulation results, in particular that the fraction of energy lost to photons is about 20% of
the energy of the merged oscillon, are shown for M/m = 104. Since the shutting down of resonance is a
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Figure 5: The upper panels show the energy density of the axion field, whereas the lower panels
show the energy density in the photons. Note that there is no photon production before merger.
After merger, there is explosive (resonant) photon production which is eventually arrested again
as the merged oscillon loses sufficient energy via photons to fall out of the resonance condition.
Approximately 20% of the merged oscillon energy is converted to gauge fields. Here, M/m = 104
and Mgaγ ≈ 1.16. We have checked that the above figure (including energy fractions) does not
change qualitatively as we vary M/m by a few orders of magnitude. Although not visible in these
snapshots, there is significant scalar radiation during the early stages of the merger (∼ 30% of the
initial total energy). Our simulation volume is more than double of what is shown in the snapshots
with Lx = 77m
−1, Ly = Lz = 51m−1.
backreaction effect with the oscillon configuration evolving away from the resonant domain, we expect
this fraction to not change as we change M/m. We have checked explicitly, that this is indeed the
case. We found that changing M/m by two orders of magnitude (from M/m = 104 to M/m = 106)
did not lead to any more than an order unity change in the energy fraction lost to gauge fields. We
have also checked that the exponential growth rate of luminosity does not change significantly as we
varied M/m, as expected. Furthermore, we have also verified that the time scale for backreaction is
indeed logarithmic in the ratio M/m (see Section 3.4).
The simulated behavior of gauge fields (and the system as a whole) at late times might be
influenced by the finite size of our simulation volume which has periodic boundary conditions. As
a result, one might worry that our simulation results might differ from infinite volume simulations
where radiation truly leaves the system. In particular, in our simulation the luminosity does not
quite drop to negligible values after the t ∼ 300m−1 because of the radiation coming back into the
box which is unphysical. Ideally, we would like to significantly increased the simulation volume so
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Figure 6: (Left) The exponential growth of photon luminosity after the merger for the case shown
in Fig. 5. The stopping of this exponential growth at t ∼ 300m−1 due to backreaction is also
visible. The effective Floquet exponent µeff/m = 0.076 can be inferred from the above plot. For this
plot, M/m = 104 and Mgaγ ≈ 1.16. The maximum value of luminosity in units of M2 does not
change significantly as we vary M/m by two orders of magnitude or more – the energy emitted is an
approximately fixed fraction of the merged oscillon energy determined by backreaction considerations.
The time-scale for backreaction only changes logarithmically with M/m, whereas the growth rate of
luminosity is almost independent of M/m for fixed Mgaγ as expected. See Fig. 7 in the appendix
for a comparison with the case where M/m = 106, as well as other Mgaγ . The luminosity at late
times is affected by the radiation re-entering the simulation volume because of the periodic boundary
conditions, in absence of which, the luminosity would plummet to small values. (Right) The time
evolution of the occupation number in the gauge field. The resonance structure has a width of order
∆k ∼ m, with a peak around k ≈ ω ∼ m where ω is the frequency of the merged oscillon. The peak
at k = ω ≈ 0.76m and k = 2ω is also visible (although the peak amplitude is not always monotonic
in time).
than min[Lx, Ly, Lz] & tmax, or implement absorbing boundary conditions. While our box size is
smaller than tmax, we have checked that changing the box size by a factor of 2 did not effect the
results qualitatively, at least up to t ∼ 300m−1 or a bit longer. We have also made multiple checks
by changing the resolution to make sure the growth rate of luminosity has converged.
While we do not show the results in detail here, we also simulated a case with M/m = 50. In
this case the backreaction completely destroys the oscillon. However, this destruction happens after
several light crossing times for the simulation volume. As a result, we cannot be confident that the
dynamics reflects the behaviour when the simulation volume is effectively infinite.
As mentioned in the previous section, there are additional transient dynamics during the collision
(before the merger is complete). However these initial dynamics (transient overlap of the profiles)
typically occur on a short time-scale compared to the eventual time-scale of gauge field production.
The initial transient dynamics do lead to short bursts of gauge field production during the collisions,
but the total energy released is subdominant compared to the final resonant release of energy. Nev-
ertheless, observationally, such transient bursts might be interesting in confirming the origin of the
electromagnetic burst signal.
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6 Phenomenological and Observational Considerations
In this section we discuss some phenomenological and observational aspects relevant of our scenario.
The discussion in this section is not as rigorous as the earlier sections, and details of some of the
estimates re-derived here (for example, collision rates) can be found in more detail elsewhere.
If the axion makes up all of the dark matter, then
√
mM2 ∼ m3/2pl Teq . (6.1)
Recall that M plays the role of the familiar decay constant fa, whereas m is the mass of the axion-like
field. We assumed that the energy density of the axion when it starts oscillating (ie. when H ∼ m in
the radiation era)6 is m2M2 and that it is equal to the radiation energy density at matter radiation
equality. Using this constraint
m ∼ m3plT 2eqM−4 = 10−2 eV ×
(
1012 GeV
M
)4
, (6.2)
and the ratio M/m is given by
M
m
∼ m3plTeqM−5 = 1023
(
M
1012 GeV
)5
. (6.3)
The ratio M/m large, unless M . 108 GeV. Note that we do not need to assume that the axion field
is all of the dark matter, it could be a subdominant component. None of the results of the previous
sections are affected. However, to reduce the available parameter space, we will take the axion to
make up all of the dark matter.
6.1 Energy and Frequency of Emission
The total energy locked up in our oscillons is
Eosc ∼ 102M
2
m
∼ 1037 GeV ×
(
M
1012 GeV
)2(
10−2 eV
m
)
. (6.4)
For the fiducial parameters, this is about 1010 kg, which is about the mass of the Pyramid of Giza
locked in a radius ∼ 10−1 cm (recall that R ∼ 5m−1).
The energy radiated into photons is about ∼ 10% of this rest mass. Using the relationship
between m and M from the dark matter abundance argument, we have
Eγ ∼ 0.1Eosc ∼ 1036GeV ×
(
M
1012GeV
)6
. (6.5)
This is a rather large amount of energy released in a short period of time from the collision of compact
axion nuggets. It is comparable to the energy emitted by our sun in 1 sec. The electromagnetic
radiation is emitted at a frequency and bandwidth given by (see Fig. 6)
ωγ ∼ ∆ωγ ∼ m ∼ 10−2 eV ×
(
1012 GeV
M
)4
. (6.6)
The time-scale associated with this energy emission can be estimated by the backreaction time (see
Fig. 6 or Section 3.4):
tbr ∼ 100m−1 ∼ 10−11 s×
(
M
1012GeV
)4
. (6.7)
6For flattened potentials this is not necessarily true, and it is possible to have H  m when oscillations begin (see,
for example [71]). This will end up enhancing the hierarchy between M and m further.
13
We have not included a logarithmic dependence on M/m which can change this time by an order of
magnitude. Notice the strong dependence on M of the frequency, energy and time-scale of emission;
we will be rapidly shifting to lower frequencies, longer shorter time scales and larger energies as M
becomes larger.
Note that in the scenario envisioned here, we take gaγ ∼ M−1. The above expressions can be
easily translated into those on gaγ . Current astrophysical constraints yield gaγ . 10−10 GeV−1 at
m ∼ 10−2 eV, which translates to M & 1010 GeV. Detailed constraints from astrophysical sources
and terrestrial experiments can be found in [10].
6.2 Perturbative Decay
So far we have not discussed the perturbative decay of axions to photons. This is simply because the
perturbative decay time scale for φ→ γ + γ:
Γ−1aγ ∼ 102(Mgaγ)−2
(
M
m
)2
m−1 , (6.8)
is typically large compared to the age of our universe. For Mgaγ ∼ 1, the large ratio M2/m2 controls
the lifetime. For example, for M ∼ 1012GeV and m ∼ 10−2eV, we have Γ−1aγ ∼ 1025yrs, which only
gets longer for lighter axions.
6.3 Binary Collision and Merger Rates
We wish to estimate the number of collisions expected between dark matter clumps in a typical galaxy
like ours. This collision rate can be estimated as follows (more details can be found in [28])
Γcoll =
∫
dr4pir2
1
2
(
foscρdm(r)
Mosc
)2
〈σeffv〉 , (6.9)
where ρdm(r) is the smooth expected density of the dark matter halo, fosc is the fraction of dark matter
locked up in oscillons, Mosc is the mass of an oscillon, v is the relative velocity between oscillons,
the angled brackets imply a velocity average, and σeff is the effective cross section for collision. This
effective cross section is given by σeff = 4piR
2
osc
(
1 + v2esc,osc/v
2
)
, where v2esc,osc/c
2 = GMosc/Rosc. For a
velocity average, 〈σeffv〉 =
∫ vesc
0
4piv2p(v)(σeffv), we assume a distribution of the form p(v) = p0e
−v2/v20
where from normalization p0 ≈ (pi/v20)3/2 and v0 = 220 km s−1 is the speed in the solar neighborhood.
Note that the limiting velocity in the integral is the escape velocity for the dark matter halo, which
we take to be vesc = 544 km s
−1. For simplicity, if we assume a constant density of dark matter up to
a radius R200 ≡ (3M200/4pi)1/3 with M200 = 1012M, then the binary collision rate within a galaxy
like ours turns out to be
Γcoll ∼ O(1)×
(
fosc
10−2
)2(
1012 GeV
M
)4 [
1 + 10−6
(
M
1012 GeV
)2]
collisions
galaxy year
. (6.10)
This rate can be refined further, for example, by taking a more realistic ρdm(r) profile. Note that when
oscillons from resonant instability in the axion field fosc ∼ O[1]. So, on the one hand we are being
conservative here, by allowing for a much smaller fraction. However, since the lifetimes of oscillons
might be shorter than the current age of the universe, this might be an overestimate. More generally,
a detailed simulation of formation of halos (including oscillons) is desirable to get a more accurate
estimate of the collision rate.
For head on collisions, we have found that mergers take place for relative velocities as high as
v/c ∼ 0.1 vesc, leading to expectations that even very high velocity collisions could lead to a merger.
We suspect that the strong self-interaction has a significant impact on the probability of merger. Hence
the merger rate might not be too different from the collision rate even when gravitational interactions
are included, as long as the gravitational interactions are subdominant. The merger will of course
be impacted by off-axis collisions, as well as relative phase differences between the solitons. There is
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likely an effect from the fluctuating ambient axion field in presence of which this merger takes place.
For an argument regarding reduction in merger rates compared to collision rates in the context of
dilute, gravitationally bound axion clumps (as opposed to our dense, self-interaction bound oscillons),
see [28]. We leave a more detailed calculation of the true merger rate for our oscillons for future work.
While non-electromagnetic signatures are not the focus here, constraints from gravitational sig-
natures such as lensing from solitons (in the regime where they are sufficiently massive) can be further
used to constrain the distribution of solitons, see for example [72].
6.4 Observability
The signal from a single event in our galaxy emits Eγ ∼ 0.1Eosc ∼ 1036 GeV(M/1012 GeV)6 amount
of energy. This leads to a spectral flux density (flux/frequency bin):
S ∼ Eγ
∆ωγ∆tγ(4pid2)
∼ 108
(
M
1012 GeV
)6(
10 kpc
d
)2
Jy , (6.11)
where ∆tγ is the duration during which axions are rapidly converted to photons (and can be taken to
be the backreaction time tbr estimated earlier), ∆ωγ ∼ m is the band of frequencies of emission, and
d is the distance to the source. Note that 1 Jy = 10−26 Watts/(meter2Hz). The steep dependence on
M comes from Eosc directly, with the m dependence cancels in the product ∆ωγ∆tγ . The spectral
flux density is very high compared to the typical sensitivity of telescopes. Typically, this sensitivity
will depend on the integrated time of the observations, but sensitivities below a Jy are not atypical.
With this large S for d = 10 kpc, we can also hope to probe such events at cosmological distances
d ∼ 100Mpc.
Recall that the frequency of emission is given by ωγ ∼ m ∼ 10−2 eV
(
1012 GeV/M
)4
. The fiducial
frequency falls in the infrared regime, providing a potential target for James Webb Space Telescope
(JWST), operating in a proposed survey mode [73]. Furthermore, the strong dependence on M can
be used to shift the frequency of emission. Depending on M , such events might be observable in any
frequency range from gamma rays (M . 1010 GeV) to radio (M ∼ 1014 GeV). For M ∼ 1011.5eV, we
can get to optical frequencies, where they could become accessible to telescopes such as the Zwicky
Transient Facility (ZTF) [74] or Vera Rubin Observatory [75]. If the frequencies are in the radio
regime, existing and future facilities such as the Canadian Hydrogen Intensity Mapping Experiment
(CHIME)[76], the Long Wavelength Array (LWA) [77], the Low Frequency Array (LOFAR) [78] and
the Square Kilometer Array (SKA) [79] might be able to detect such bursts. This very brief foray into
observational aspects is rather shallow. A more careful assessment of detection possibilities is certainly
worth pursuing. Moreover, a careful assessment of absorption and scattering of light (depending on
the frequency) by the Intergalactic/Interstellar medium might also need to be taken into account [80].
It is intriguing that our spectral density can be made to match that of Fast Radio Bursts (for a
review, see [81, 82]). A related mechanism, resonant radiation from collapsing axion miniclusters, was
suggested as a source for Fast Radio Bursts in [27]. Other related ideas in this context, for example
axion-stars/oscillons falling on to neutron stars, include [83–85].
7 Limitations
There were a number of limitations to our study, which naturally point to future directions which can
improve the present paper.
We did not include gravitational interactions in our simulations. As a result, we could not
explore low amplitude oscillons where gravitational interactions are needed to stabilize them (dilute
axion stars). Note that distinct from earlier work, we worked in a regime where axion self-interactions
dominate over gravitational interactions in potentials that flatten away from the minimum. Our
oscillons, supported by attractive self-interactions, are long-lived in terms of their own oscillation
timescales (& 107 to even & 109 of their own oscillations [21]), however, they may not be long-
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lived compared to the astrophysical/cosmological timescale today.7 We note that it is possible that
including gravitational interactions might extend lifetimes significantly in some cases [22, 23, 86–88].
If lifetimes are short compared to cosmological time-scales, different formation mechanisms in the
late universe (for example kinetic nucleation or nucleation near primordial blackholes [55, 56, 89]) in
addition to gravitational and self-interaction instabilities (for example, [15, 90, 91]) should be explored
in detail to get a better understanding of the surviving population of solitons. This is something we
have not addressed carefully in the present work and is worth pursuing in detail further. Our purpose
here was to explore in detail the consequences of a collision between an existing pair of oscillons
coupled to photons without worrying too much about how they got there.
Following some aspects of earlier work [28, 92], we calculated the collision rate using simple
analytic arguments. We did not make a detailed effort to estimate the true merger rate. Since
we did not include gravity in our simulations, we also did not explore collisions from in-spiraling
binary oscillons (or off-axis, out-of-phase collisions). Such effects could have an impact on the merger
rate, and their respective time-scales which have to be characterized. A careful investigation in this
direction is needed, and should include 3-body interactions and the presence of a spatio-temporally
fluctuating axion background.8 We are making progress in this context in ongoing work.
8 Summary
We investigated the production of scalar and electromagnetic radiation from the collision and merger of
oscillons using 3+1 dimensional lattice simulations. We started with two identical, in-phase, oscillons,
where they do not resonantly transfer energy to photons. As the collision and merger proceeds, initially
there is a burst of scalar radiation. Then, if a resonance condition is satisfied, as the merged oscillon
starts to settle, we get sustained resonant production of photons until the oscillon falls out of the
resonance condition (due to energy lost to photons). To the best of our knowledge, this is the first
time the entire process, including the backreaction, has been simulated.
For our most detailed simulations, we chose Mgaγ ∼ 1 and M/m = 104, where m is the axion
mass, M is the scale where the potential becomes flatter than quadratic (similar to fa in the QCD
axion case) and gaγ controls the axion-photon coupling. We expect (and confirmed using M/m = 10
6
and, in some aspects M/m = 108) that our conclusions below will likely carry over for much larger
M/m. We found that:
1. During the collision and merger, about ∼ 30% of the initial axion energy locked in oscillons is
released as scalar radiation, where Eosc = O[102]M2/m.
2. About ∼ 20% of the total energy of the merged oscillon is then resonantly transferred to photons,
before the oscillon configuration changes sufficiently to shut off the resonance. The time scale
for emission is ∼ 10 ln(M/m)m−1, and Eγ ∼ 0.1Eosc. The ratio Eγ/Eosc is approximately
independent of M/m as expected from resonance and backreaction considerations. This energy,
Eγ , can be large enough to be detected by current and proposed telescopes over cosmological
distances for some fiducial parameters.
3. The spectrum of energy of the emitted photons is centered around ωγ ∼ ωosc ∼ m, however it is
not exactly monocromatic. It has a width of order ∆ωγ ∼ m, with features related to multiples
of the frequency of the oscillon resonantly producing the photons. The broad band structure,
as well as the time evolution of individual modes is reminiscent of broad resonance.
7The eventual decay of isolated oscillons is likely unavoidable, even in absence of coupling to other fields. Although
the decay rates of oscillons is at times exponentially suppressed, the decay is still driven by the same attractive self-
interactions which are necessary to hold the oscillon together in absence of gravity. Such considerations are of course
always relevant when dealing with field theories with self-interactions, and in principle also present with gravitational
interactions. In some cases the time scale of decay (especially deep in the perturbative regime), can be made comparable
to astrophysical/cosmological time scales. Another possibility is that we can make the axions ultra-light, however, in
this case the emitted electromagnetic radiation would not be detectable.
8Some of the expectations are being pursued further in an ongoing collaboration on forces between oscillons, and
oscillon collisions with Nabil Iqbal, Rohith Karur and Anamitra Paul.
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In detail, the merger and resonant photon production is dynamically complex, especially when backre-
action is taken into account. For example, there are breathing and quadrupolar modes in the merged
oscillon. Nevertheless, there are two crucial aspects for the phenomenology of resonant gauge field
production from oscillon mergers: (i) The coherence of the field inside the merged oscillon is impor-
tant for the resonant energy transfer to gauge fields. (ii) There is a threshold for resonant gauge
field production in terms of the oscillon configuration for a give axion-photon coupling. As a result,
parameter space exists where pre-merger oscillons do not efficiently transfer energy to gauge fields,
whereas post-merger, as the threshold is crossed, we can get resonant photon production.
An important limitation of our work is that we ignored gravitational interactions. In absence of
gravitational interactions, oscillons supported by attractive self-interactions alone will likely (but not
necessarily) be short-lived compared to astrophysical and cosmological time-scales in today’s universe
(even if they last for billions of their own oscillations). Long life-times are possible in the dilute
axion star regime, but in that case gravity plays a more prominent role compared to self-interactions.
We believe that our oscillon merger and resonant gauge field production calculation is robust in the
strong self-interaction regime. However, our result from the calculation for the rate of such events
in a typical galaxy will be affected by formation, and survival probability of oscillons, which is much
more uncertain. In upcoming work, we plan to include weak field gravity in the problem and carry
out a more detailed calculation of the event rates.
In this work, we only considered resonant production from axion-like fields to usual photons.
However, we expect the phenomenology to work for dark photons also. As we discussed earlier a
connection to Fast Radio Bursts would be worth exploring more carefully. Furthermore, our focus
was on the contemporary universe. There might be related implications of photon/dark photon
production from mergers of naturally abundant oscillons/solitons in the early universe.9 Finally, we
note that the emission of gravitational waves from collisions of oscillatons has been explored by some
of us [61] and others in the past. It would be natural to combine that work with the present one (with
appropriate parameter changes), to explore multi-messenger signals for such events.
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A Numerical Simulation Details
The results discussed earlier are based on lattice simulations of the axion-gauge field system. Below,
we provide details of our numerical algorithm as well as the initial conditions used.
A.1 Equations of Motion
The discrete equations of motion can be derived from the derivation of the action with respect to the
fields, e.g. for the axion field
φ(x+ dt)− 2φ(x) + φ(x− dt)
dt2
=
∑
i
φ(x+ dxi)− 2φ(x) + φ(x− dxi)
dx2i
− dV
dφ
+
δS1
δφ
, (A.1)
and for U(1) gauge field
Ei(x)− Ei(x− dt)
dt
= −
∑
j
i
dxid2xj
[Uij(x)− Uji(x) + Uji(x− dxj)− Uij(x− dxj)]− δS1
δAi
. (A.2)
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In the equation above appears the lattice electric field, defined via U0i(x) − Ui0(x) = −Ei(x)idtdxi,
and accordingly the gauge link can be updated through
Ui(x+ dt) =
√1− (1
2
dtdxiEi(x)
)2
− i1
2
dtdxiEi(x)
Ui(x). (A.3)
To derive the expressions, we have adopted the temporal gauge, i.e. A0(x) = 0 or U0(x) = 1. Since
A0(x) is not a dynamical field, the derivative of the action with respect to it leads to the constraint
equation – Gauss’s law: ∑
i
Ei(x)− Ei(x− dxi)
dxi
=
δS1
δA0
, (A.4)
which should be satisfied throughout the evolution. Due to the smoothing scheme, there are many
terms appearing in the interaction S1, and we put these derivative of S1 separately in Appendix B.
A.2 Initial Condition for Gauge Fields
We choose the initial gauge fields that satisfy the following expectation values:
〈Ai(~p)Aj(~k)〉 = np|p|
(
δij − pipj
p2
)
(2pi)3δ3(~p− ~k). (A.5)
In practice, we assign a double of np initially. This is because we are constrained by Gauss’s law,
and not allowed to set both the field and their momentum expectation values arbitrarily. One way
to satisfy the Gauss’s law constraint is to set the momentum equal to zero. In that case, to have the
same amount of energy, we choose to initialize the field by doubling the particle number.
On the lattice, the gauge fields are initialized explicitly via
Ai(x) =
√
1
V
∑
p
eipx
√
np
2|p|
∑
λ
i(p, λ)ξ(p, λ), (A.6)
where random number ξ(p, λ) satisfies 〈ξ∗ξ〉 = 2. Only the physical photons are initialized, and their
polarizations are set via
~(p, 1) =
~r × ~p
|~r × ~p| , ~(p, 2) =
~(p, 1)× ~p
|~(p, 1)× ~p| , (A.7)
with ~r a random vector that is not parallel to ~p. By setting Ai freely according to (A.5), we are no
longer allowed to set the momentum fields Ei freely, due to the Gauss’s law. In the non-Abelian case,
one normally has to put Ei = 0, while in Abelian case, like in our case now, we can instead set up Ei
by solving out the Gauss’s law.
A.3 Initial Condition for Axion Field
For the initialization of axion field, we consider two cases, depending on whether we are interested in
exploring the resonance structure in a single oscillon, or simulating the collision and merger of two.
The single oscillon is initialized according to
φ(t, x, y, z) =Mf
(√
x2 + y2 + z2
)
cos (ωt) (A.8)
where f(r) is the radial profile of oscillon. We compute f(r) in the following way. For the Lagrangian,
L = 1
2
(∂tφ)
2 − 1
2
(∇φ)2 − m
2M2
2
tanh2
(
φ
M
)
, (A.9)
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we substitute the profile φ = Mf cos(ωt) to obtain the action over one period∫ 2pi/ω
0
dt
∫
d3xL = 4pi
2M2
ω
∫
r2dr
[
1
2
ω2f2 − 1
2
(∇f)2 − m
2
2pi
∫ 2pi
0
ds tanh2 (f cos(s))
]
, (A.10)
from which, the equation of motion is straightforward,
∂2rf +
2
r
∂rf = −ω2f + m
2
pi
∫ 2pi
0
ds
cos(s) tanh (f cos(s))
cosh2 (f cos(s))
. (A.11)
Meanwhile, we can compute the average energy density over one period as,
ρosc(r) =
M2
2
[
1
2
ω2f2 +
1
2
(∂rf)
2
+
m2
2pi
∫ 2pi
0
ds tanh2 (f cos(s))
]
. (A.12)
We also consider the collision of two oscillons, for which we initialize the axion field as
φ(t, x, y, z) =Mf
(√
γ2(x− xL − vt)2 + y2 + z2
)
cos (ωγ(t− v(x− xL)))
+Mf
(√
γ2(x− xR + vt)2 + y2 + z2
)
cos (ωγ(t+ v(x− xR))) , (A.13)
with the Lorentz boost γ = 1/
√
1− v2 and v the velocity of the oscillons. The phenomenology of the
collision between two oscillons is rich, with the phases, velocities and frequencies that one can vary.
For the present work, we limited ourselves to two oscillons of same phases and frequencies, but of
opposite velocities.
A.4 Numerically Evaluated Luminosity
One of the observables that we relied upon heavily was the luminosity of photons produced by the
resonant process. Luminosity in the continuum is of course defined as
Lγ = r
2
∫
dΩ
~r
|r| ·
[
~E × ~B
]
. (A.14)
Assuming the spherical symmetry, we can calculate the luminosity on the lattice, via
Lγ =
4pir
N
N∑
j=1
~rj · [ ~Ej × ~Bj ] , (A.15)
where the sum is operated over sites of radius in (r − , r + ). In practice, we choose mr = 16 and
m = 0.1. After sufficient time, the luminosity is affected by the radiation that re-enters the central
region because of periodic boundary conditions. But, as long as the out-going radiation is much larger
than the returning one, we can get the proper luminosity. This is what happens to the resonance,
for which we have tested out with different physical volumes and found the same µeff during the
exponential growth.
B Chern-Simons Term on the Lattice
For a general expression, we consider the Chern-Simons term,
S1 =
∫
d4x
[
−κ1φ
(
− g
2
1
64pi2
)
µνρσFµνFρσ
]
, (B.1)
with the φ−A coupling constant κ1 and the gauge coupling constant g1. Then, the U(1) Chern-Simon
number admits (
− g
2
1
64pi2
)
µνρσFµνFρσ =
(
− 1
2pi2d4x
)
(I01I23 + I02I31 + I03I12) , (B.2)
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Figure 7: (Left)The exponential growth of photon luminosity after the merger for Mgaγ ≈ 1.16, and
M/m = 104 (orange) and M/m = 106 (blue). The effective Floquet exponent µeff/m = 0.076 can be
inferred from the plot for both cases, and is almost independent of M/m as expected. The maximum
value of luminosity in units of M2 does not change significantly as we vary M/m. As seen above,
the time-scale for backreaction only changes logarithmically with M/m. Note that the luminosity at
late times (after exponential growth stops) is significantly affected by periodic boundary conditions.
(Right) The exponential growth of the luminosity for different values of Mgaγ .
with
Iµν(x) =
(
− i
8
)[
Uµ(x)Uν(x+ µ)U
†
µ(x+ ν)U
†
ν (x) + Uν(x)U
†
µ(x− µ+ ν)U†ν (x− µ)Uµ(x− µ)
+U†µ(x− µ)U†ν (x− µ− ν)Uµ(x− µ− ν)Uν(x− ν) + U†ν (x− ν)Uµ(x− ν)Uν(x+ µ− ν)U†µ(x)− h.c
]
.
To simplify the expression, we adopt the shorthand (x+ µ) ≡ (x+ dxµ) in the section.
The derivatives of the action with respect to different fields are straightforward, but tedious.
Here we include all these explicit expressions.
(i) Derivative with respect to Ai:
δS1
δAi
=
κ1g1dxi
16pi2d4x
(T1[jk]− T1[kj]− T2) , (B.3)
with
T1[jk] =
[
Uij(x) + Uji(x)
2
]
[Ξ0k(x) + Ξ0k(x+ i) + Ξ0k(x+ j) + Ξ0k(x+ i+ j)]
−
[
Uij(x− j) + Uji(x− j)
2
]
[Ξ0k(x− j) + Ξ0k(x+ i− j) + Ξ0k(x) + Ξ0k(x+ i)] , (B.4)
T2 =
[
Ui0(x) + U0i(x)
2
]
[Ξjk(x) + Ξjk(x+ i) + Ξjk(x+ 0) + Ξjk(x+ i+ 0)]
−
[
Ui0(x− 0) + U0i(x− 0)
2
]
[Ξjk(x− 0) + Ξjk(x+ i− 0) + Ξjk(x) + Ξjk(x+ i)] , (B.5)
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where
Ξµν(x) = φ(x)Iµν(x). (B.6)
(ii) Derivative with respect to A0:
δS1
δA0
=
κ1g1
16pi2d3x
(T3[ijk] + T3[jki] + T3[kij]) , (B.7)
with
T3[ijk] =
[
U0i(x) + Ui0(x)
2
]
[Ξjk(x) + Ξjk(x+ i) + Ξjk(x+ 0) + Ξjk(x+ i+ 0)]
−
[
U0i(x− i) + Ui0(x− i)
2
]
[Ξjk(x− i) + Ξjk(x) + Ξjk(x− i+ 0) + Ξjk(x+ 0)] . (B.8)
(iii) Derivative with respect to φ:
δS1
δφ
=
κ1
2pi2d4x
(I01I23 + I02I31 + I03I12) . (B.9)
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